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Using the framework of the non-local light-cone expansion a systematic study is performed for
the structure of the twist-2 contributions to the virtual Compton amplitude in polarized deep-
inelastic non-forward scattering for general nucleon spin with an additional scalar meson in the final
state. A useful kinematic parameterization allowing for appropriate triple-valued off-forward parton
distribution amplitudes is given. One-variable amplitudes being adapted to the fixed parameters of
the extended Bjorken region are introduced by decomposing the Compton amplitude into collinear
and non-collinear components. These amplitudes obey Wandzura-Wilczek and Callan-Gross like
relations. The evolution equations for all the distribution amplitudes are determined showing that
the additional meson momentum does not appear in the evolution kernels. The generalization to n
outgoing mesons is given.
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I. INTRODUCTION
Compton scattering of a virtual photon off a hadron,
γ∗(q1) + H(p1) −→ γ∗(q2) + H(p2), (1.1)
is an important process in Quantum Chromodynamics. This general process covers a series of different reactions
through which a variety of inclusive informations on the short–distance structure of nucleons become accessible at
large space–like virtualities. It is also closely connected to the spin problem of the nucleon. The case of forward
scattering p1 = p2 = p describes deep inelastic scattering (DIS) off unpolarized or polarized targets which is widely
discussed in the literature, see e.g. [1, 2], and p1 6= p2 corresponds to the generic (ordinary) non-forward virtual
Compton scattering [3, 4, 5, 6, 7], for recent reviews see [8]. In the special case q22 = 0, i.e., when the outgoing photon
is real, this process is called deeply virtual Compton scattering (DVCS).
Experimental results on polarized and unpolarized (deeply virtual) Compton scattering were reported in [9, 10, 11,
12, 13]. The kinematic domain of some of these investigations is bound to rather low values of Q2. Experimentally
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2the final state in deep–inelastic non–forward scattering contains aside the (virtual) photon and final–state hadron,
Eq. (1.1), a series of other hadrons, which even may emerge at the amplitude–level. The latter process is much more
likely and of greater practical importance than that of a single isolated hadron γ∗1 +H1 → γ∗2 +H2, which was studied
before [3, 4, 5, 6, 7].
In this paper we extend the description given in the ordinary non-forward case in Refs. [5, 6, 7] to physical processes
with an outgoing scalar meson,
γ∗(q1) + H(p1) −→ γ∗(q2) + H(p2) +M(k) , (1.2)
to investigate which of the properties derived in Refs. [5, 6, 7] remain valid in the more general situation and which
are changing to account for more realistic experimental situations which allow for additional studies of distribution
functions emerging in non–forward scattering [37].
If one looks for a diagrammatic representation of the amplitude for the process (1.2) then even in the special kine-
matics of the Bjorken region for (p2 + k − p1)2 being small, there appear different production mechanisms. However,
if one has in mind p22 = M
2, k2 = m2 and p2.k ≪ M2 then soft processes between the two final particles and the
incoming particle | p1 〉 are essential and we have to use a generalized distribution amplitude 〈p2, k | O | p1〉. For other
cases one may try to make models which use wave functions of the nucleon 〈 p2 | and the meson 〈 k |.
The Compton amplitude for the process (1.2) is given by
Tµν (P+, P−, k; q) = i
∫
d4x eiqx
〈
p2, S2; k, 0
∣∣∣ RT [Jµ (x
2
)
Jν
(
−x
2
)
S
] ∣∣∣ p1, S1〉 (1.3)
where
P± ≡ Pf ± Pi = p2 ± p1 + k, q = 12 (q1 + q2) , (1.4)
and k are chosen as independent kinematic variables. As usual p1 (p2) and q1 (q2) denote the four-momenta of the
incoming (outgoing) nucleons and photons, respectively. S1 and S2 are the spins of these nucleons and k is the
momentum of the outgoing scalar meson. p± = p2 ± p1 denote the independent kinematic variables in the ordinary
non-forward case. In principle, this set of kinematic variables can be extended to the case of n outgoing (scalar)
mesons of momenta ki, i = 1, . . . , n with Pf = p2 +
∑
i ki.
In ordinary non-forward Compton scattering the generalized Bjorken region is defined by the conditions
ν ≡ qp+ −→∞ and Q2 ≡ −q2 −→∞ , (1.5)
keeping the variables
ξ = − q
2
qp+
and η =
qp−
qp+
=
q21 − q22
2ν
(1.6)
fixed. This definition has to be extended now by taking into account the additional momentum k. We define the
extended Bjorken region for light-cone dominated QCD processes by the conditions (1.5) keeping the following three
variables
ξ = − q
2
qP+
, η =
qP−
qP+
and χ =
qk
qP+
(1.7)
fixed. This can be extended furthermore to the case of n mesons by the obvious generalization of P+ and keeping
χi = (qki)/(qP+) fixed. In the limit ki → 0, these definitions reduce to the usual generalized Bjorken region.
For completeness, we list the different kinematic domains for forward and general non-forward processes and the
related scaling variables. These domains are distinguished as follows:
• Bjorken region for forward scattering; fixed quantity: ξ (or xB = −q21/2q1.p1)
• Generalized Bjorken region for ordinary non-forward scattering, including DVCS kinematics for q22 = 0; fixed
quantities: ξ and η. In the special case of DVCS ξ = −η holds.
• Extended Bjorken region for non-forward scattering with a single outgoing scalar meson; fixed quantities: ξ, η
and χ.
• n-Extended Bjorken region for non-forward scattering with n outgoing scalar mesons; fixed quantities: ξ, η and
χ1, . . . , χn.
3By conservation of momentum,
p1 + q1 = p2 + q2 +
∑
i ki , (1.8)
one can show that ξ and η possess the same interpretation as in the ordinary non-forward case. Especially, also the
relation η =
(
q21 − q22
)
/2ν holds for processes including the outgoing mesons. The variables χi describe the momentum
fractions of the mesons ki in the infinite momentum frame defined by the momentum P+. In the following we restrict
the consideration to the case of one additional final-state meson and return to the case of n-mesons in Section VII.
It is important to remark that all physical processes mentioned above are distinguished only by taking different
matrix elements of the same renormalized operator [38], namely the renormalized (R) time-ordered (T ) product
T̂µν(x) ≡ RT
[
Jµ
(x
2
)
Jν
(
−x
2
)
S
]
, (1.9)
where Jµ(x) =: ψ¯(x)γµψ(x) : denotes the hadronic current and S is the renormalized S−matrix. Near the light-cone,
x2 → 0, this operator will be decomposed via the non-local operator product expansion [16] into a series of non-local
light-ray operators and the corresponding coefficient functions :
T̂µν(x) =
∫ 1
−1
d2κ CΓµν
(
x2, κix˜;µ
2
)
RT
[
OΓ(κ1x˜, κ2x˜)S
]
+ higher order terms . (1.10)
The coefficient functions are singular on the light-cone. They are entire analytic functions with respect to κix˜ resulting
in a restricted integration range −1 ≤ κi ≤ 1. The unrenormalized light-ray operators in this expansion are given by
OΓ(κ1x˜, κ2x˜) = : ψ¯ (κ1x˜) Γ U (κ1x˜, κ2x˜) ψ (κ2x˜) : (1.11)
with some specified Γ-structure of Dirac matrices and the usual path-ordered phase factor,
U (κ1x˜, κ2x˜) = P exp
(
−i g
∫ κ1
κ2
dτ x˜µAµ (τx˜)
)
, (1.12)
ensuring gauge invariance. Here Aµ is the gluon field, g the strong coupling constant and x˜ is a light-like vector
depending on x via a non-null subsidiary four-vector ζ,
x˜ = x− ζ
ζ2
(
(xζ) −
√
(xζ)
2 − x2ζ2
)
with ζ2 > 0. (1.13)
In Eq. (1.10) the flavor structure has been suppressed. Eventually, in the singlet case, also operators containing the
gluon field strength Fµν and their dual F˜µν have to be taken into account. The contributions which contain four or
more (anti)quark fields will be denoted by ‘higher order terms’, possibly also together with (powers of) the gluon field
strength, etc. By construction, the non-local light-cone expansion, depending on the order of terms being taken into
account, leads to a (sub)asymptotically relevant part and a well-defined remainder being less singular, see Ref. [2].
Taking matrix elements of the operators OΓ and performing a Fourier transformation in the expression (1.3) leads
to the physically interesting non-perturbative distribution amplitudes. Because the operational input (1.9) for these
amplitudes is the same for the different processes described above, the evolution equations of these amplitudes are
determined by the renormalization group equations of the operators OΓ and, therefore, also by the same anomalous
dimensions.
This paper is organized as follows. In Section II we discuss the quark-antiquark operator (2.13) as operational input
for the (extended) Compton amplitude. This allows one to use the known anomalous dimensions of this operator to
write down the evolution equations for the relevant distribution amplitudes used in the process including an outgoing
meson. The evolution kernel required for these evolution equations is determined by the anomalous dimensions of
the quark-antiquark operator and further computations of Feynman diagrams are not necessary, at least at one–loop
order. Furthermore this operator possesses a known twist decomposition given in Refs. [17, 18]. In this paper we only
determine the twist-2 part of the Compton amplitude in the simply extended Bjorken region which generalizes the
twist-2 representation known for forward and ordinary non-forward scattering.
In Section III the twist decomposition of the matrix elements and the necessary decomposition into suitable kine-
matic factors is performed thereby using the hadron equations of motion. This section also includes the definition of
the distribution amplitudes used in the process considered.
4In Section IV the twist-2 part of the Compton amplitude is calculated. It will be shown that, in the extended
kinematic region, the amplitude depends on the three scaling variables ξ, η and χ and is given by triple-valued
distributions.
In Section V we extract integral relations contained in the Compton amplitude and Section VI includes the evolution
equations obeyed by the distribution amplitudes.
In Section VII we add some remarks on generic properties of the results obtained in the preceding sections and
consider the case of n outgoing mesons; Section VIII contains the conclusions.
Appendix A contains the projections of the twist–2 operators on the light cone. In the Appendix B we construct
the helicity basis for both photons and calculate all the helicity amplitudes. These projections show in explicit form
that the process (1.2) is current conserving on the level of the S–matrix.
II. OPERATOR STRUCTURE
In this section we discuss the operator structure of the Compton amplitude which will be used in the following sections.
For brevity we discuss only the flavor non-singlet case and drop all flavor structures in the operators. The construction
for the flavor singlet case is to be carried out similarly.
As was mentioned above, the operator input for the Compton amplitude Tµν(P±, k; q) is given by the renormalized
time-ordered product of two electromagnetic currents, Eq. (1.9). Obviously, in lowest order in the coupling constant the
S-matrix can be set equal to one. Then, applying the Wick-Theorem to this time-ordered product and approximating
the quark propagator near the light-cone by
S(x,m) ≡ (i ∂/ +m)∆ (x,m) (2.1)
≈ − x/
2π2 (x2 − iǫ)2 −
m
8π2 (x2 − iǫ) (2i +mx/ ) +
m3
128π2
ln
(−x2 + iǫ) (8i +mx/ )
one obtains the following description of the operator T̂µν(x):
T
[
Jµ
(x
2
)
Jν
(
−x
2
)]
≈ −xα
[
1
2π2 (x2 − iǫ)2 +
m2
8π2 (x2 − iǫ) −
m4
128π2
ln
(−x2 + iǫ)] (2.2)
×
(
: ψ¯ (x/2) γµγαγν ψ (−x/2): − : ψ¯ (−x/2) γνγαγµ ψ (x/2):
)
− im
[
1
4π2 (x2 − iǫ) −
m2
16π2
ln
(−x2 + iǫ)]
×
[(
: ψ¯ (x/2) σµν ψ (−x/2): − : ψ¯ (−x/2) σµν ψ (x/2):
)
+ gµν
(
: ψ¯ (x/2) ψ (−x/2): + : ψ¯ (−x/2) ψ (x/2):
)]
+ : ψ¯ (x/2)γµψ (x/2) ψ¯ (−x/2)γνψ (−x/2) : + 2xµxν − gµνx
2
π4 (x2 − iǫ)4 .
The renormalization symbol R is suppressed in the notation. The four-quark operator ψ¯γµψ ψ¯γνψ has no singular
coefficient on the light-cone and is of minimal twist-4 and the last term stems from disconnected diagrams. Both
terms are therefore discarded, see Ref. [2].
The quark mass terms resulting from the mass dependent part of the operator (i∂/ +m) are less singular and will
also be omitted. In fact, the lowest twist contribution of all quark mass terms is contained in the operator
m
(
: ψ¯ (x/2) iσµν ψ (−x/2): − : ψ¯ (−x/2) iσµν ψ (x/2):
)
(2.3)
with σµν = (i/2)[γµ, γν ] and is of twist-3.
The first term of the expansion (2.2) is of main importance, because it contains the leading light-cone singularity
and its minimal twist contribution is of twist-2. It also contains terms of higher twist (trace terms) and quark mass
terms resulting from the mass dependence of the scalar propagator ∆ (x.m). These terms are also less singular on the
light-cone.
5Using the standard relations
γµγαγν = Sµανβ γ
β + i εµανβ γ
5γβ , (2.4)
Sµν|αβ ≡ Sµανβ (2.5)
≡
(
gµα gνβ + gνα gµβ − gµν gαβ
)
,
where we indicate that Sµανβ is symmetric in µν and αβ, and noticing that the operator (2.2) is dominated by the
light-cone singularity, x2 ≈ 0, one arrives at
T̂µν(x) ≈ i x˜
α
π2 (x2 − iǫ)2
(
Sµανβ RT
[
Oβ
(
x˜
2
,− x˜
2
)
S
]
+ i εµανβ RT
[
O5 β
(
x˜
2
,− x˜
2
)
S
])
, (2.6)
with the (unrenormalized) light-cone operators
Oβ (x˜/2,−x˜/2) ≡ i2
(
: ψ¯ (x˜/2) γβ ψ (−x˜/2) : − : ψ¯ (−x˜/2) γβ ψ (x˜/2) :) , (2.7)
O5 β (x˜/2,−x˜/2) ≡ i2
(
: ψ¯ (x˜/2) γ5γβ ψ (−x˜/2) : + : ψ¯ (−x˜/2) γ5γβ ψ (x˜/2) :) . (2.8)
This expansion has to be viewed as a simple form of the non-local light-cone expansion (1.10) from which the suitable
Γ-structures can be read off. Considering general gauges also the phase factors U (κ1x˜, κ2x˜) must be included into the
light-cone operators Oβ and O5 β . Taking into account also higher order terms of the S-matrix additional operator
structures come into the play which, of course, are sub-leading.
The κ-integration appearing in the light-cone expansion (1.10) connects the coefficient functions, given here at Born
level,
C′1/2
(
x2, κ1, κ2
)
=
i
2π2 (x2 − iǫ)2
[
δ
(
κ1 − 12
)
δ
(
κ2 +
1
2
)∓ δ (κ2 − 12) δ (κ1 + 12)] (2.9)
with the respective operators. As is known from the general analysis of the light-cone expansion [3] the Fourier
transforms of the coefficient functions in Eq. (1.10) are entire analytic functions with respect to the variables x˜pi
which leads to a restriction of the integration range of κ1 and κ2 to the interval [−1,+1].
For later convenience we introduce the variables
κ± ≡ 12 (κ2 ± κ1) with κ1,2 = κ+ ∓ κ− (2.10)
and use the following integration measure in the light-cone expansion
D2κ ≡ dκ1 dκ2 θ (1− κ1) θ (1 + κ1) θ (1− κ2) θ (1 + κ2)
= 2 dκ+ dκ− θ (1− κ+ + κ−) θ (1 + κ+ − κ−) θ (1− κ+ − κ−) θ (1 + κ+ + κ−) .
In terms of the variables κ+ and κ− the coefficient functions read:
C1/2
(
x2, κ+, κ−
)
=
i
4π2 (x2 − iǫ)2 δ (κ+)
[
δ
(
κ− +
1
2
)∓ δ (κ− − 12)]. (2.11)
Using these conventions one obtains the following representation of the operator T̂µν(x):
RT
[
Jµ
(x
2
)
Jν
(
−x
2
)
S
]
≈
∫
R2
D2κ
[
C1
(
x2, κ+, κ−
)
Sµν|
αβ x˜αOβ
(
(κ+ − κ−) x˜, (κ+ + κ−) x˜
)
(2.12)
− iC2
(
x2, κ+, κ−
)
εµν
αβ x˜αO
5
β
(
(κ+ − κ−) x˜, (κ+ + κ−) x˜
)]
.
In general, the renormalized non-local operators Oβ (κ1x˜, κ2x˜) and O
5
β (κ1x˜, κ2x˜) containing the phase factors
U (κ1x˜, κ2x˜) are given by
Oβ (κ1x˜, κ2x˜) =
i
2RT
[(
: ψ¯ (κ1x˜) γβ U (κ1x˜, κ2x˜) ψ (κ2x˜) : − : ψ¯ (κ2x˜) γβ U (κ1x˜, κ2x˜) ψ (κ1x˜) :
)S] (2.13)
O5β (κ1x˜, κ2x˜) =
i
2RT
[(
: ψ¯ (κ1x˜) γ
5γβ U (κ1x˜, κ2x˜) ψ (κ2x˜) : + : ψ¯ (κ2x˜) γ
5γβ U (κ1x˜, κ2x˜) ψ (κ1x˜) :
)S]. (2.14)
In the following we assume that the operators Oβ and O
5
β are renormalized quantities.
6III. TWIST DECOMPOSITION AND MATRIX ELEMENTS
The non-local operators Oβ (κ1x˜, κ2x˜) and O
5
β (κ1x˜, κ2x˜), Eqs. (2.13) and (2.14), contain contributions of different
twist. Here, the notion of twist is used in its original form [19] as
(geometric) twist (τ) = scale dimension (d)− Lorentz spin (j) . (3.1)
The operators appearing in the expansion (2.12) of the Compton amplitude have to be decomposed into their various
twist parts. On the light-cone they contain contributions of twist-2, 3 and 4
Oβ = O
tw2
β +O
tw3
β +O
tw4
β , (3.2)
O5β = O
5 tw2
β +O
5 tw3
β +O
5 tw4
β ; (3.3)
however, off the light-cone they contain an infinite series of growing twist.
A group theoretical procedure of the twist decomposition has been worked out in Refs. [17, 20] and applied to
various physically relevant light-ray operators. As a result, the twist-2 part of the operators (2.13) and (2.14) can
be constructed out of the twist-2 (pseudo) scalar operators O(5)tw2 (κ1x˜, κ2x˜) = x˜
βO
(5)
β (κ1x˜, κ2x˜) by applying the
interior derivative
dβ =
(
1 + x˜∂˜
)
∂˜β − 1
2
x˜β ∂˜
2 with d2 = 0 , (3.4)
on the un-decomposed light-cone operators and performing a subsequent τ−integration (which stems from the nor-
malization of the local operators):
Otw2β (κ1x˜, κ2x˜) = −
∫ 1
0
dτ ln τ dβ O (κ1τx˜, κ2τx˜) (3.5)
=
∫ 1
0
dτ
[
∂˜β +
1
2
ln τ x˜β ∂˜
2
]
O (κ1τx˜, κ2τx˜) .
According to its structure the tracelessness of the operator (3.5) which corresponds on the light-cone to the requirement
dβOtw2β (κ1x˜, κ2x˜) = 0, is trivially fulfilled due to the property of d
β . An analogous relation holds for the axial vector
and pseudo scalar operator. The twist-3 and twist-4 parts, however, cannot be constructed out of the (pseudo) scalar
operator since the latter, when restricted to the light-cone, is already of twist-2.
Since we want to extract the twist-2 part of the Compton amplitude, relation (3.5) will be applied to the matrix
elements of the operators considered :
〈
p2, k
∣∣ Otw2β (κ1x˜, κ2x˜) ∣∣p1〉 = ∫ 1
0
dτ
[
∂˜β +
1
2
ln τ x˜β ∂˜
2
]〈
p2, k
∣∣ O (κ1τx˜, κ2τx˜) ∣∣p1〉. (3.6)
Here, the spins of the nucleons have been suppressed in the notation. Let us mention that the geometric twist
decomposition of the matrix elements is due to the twist decomposition of the non-local operators. Usually, in
phenomenological considerations another notion of twist, called ‘dynamical’ twist, is considered which has been
introduced in the decomposition of the (forward) matrix elements by Jaffe and Ji [21]. The interrelation of geometric
and dynamic twist was considered in Ref. [22]. In the case of lowest twist-2 there appears no difference, but for higher
twist the mismatch of dynamical twist with respect to geometric twist leads to differing structures.
Because of translation invariance,〈
p2, k
∣∣ O (κ1x˜, κ2x˜) ∣∣p1〉 = eiκ+ x˜P−〈p2, k∣∣ O (−κ−x˜, κ−x˜) ∣∣p1〉 , (3.7)
it is more convenient to discuss the centered operator O (−κx˜, κx˜). Henceforth, for brevity, κ− will be denoted by κ.
In the ordinary non-forward case one usually parameterizes the scalar matrix element by a Dirac- and a Pauli-type
contribution,
K1 (x˜, p2, p1) = x˜β u¯ (p2) γβ u (p1) , (3.8)
K2 (x˜, p2, p1) = x˜β 1
m0
u¯ (p2) σβαp
α
− u (p1) , (3.9)
7where u (p1) and u¯ (p2) are on-shell spinors of the incoming and outgoing nucleons, m0 is a dimensional mass scale
which is kept fixed, and σβα = (i/2) [γβ , γα]. Because of p− → 0 the Pauli type factor K2 vanishes in the forward
limit. Using these kinematic factors the matrix element can be parameterized as follows:
〈
p2
∣∣ O (−κx˜, κx˜) ∣∣p1〉 = 2∑
a=1
Ka (x˜, p2, p1) f˜a
(
κx˜p+, κx˜p−, pipj, µ
2
)
. (3.10)
Here, the coefficient functions f˜a are the distribution amplitudes in x−space. They depend on κx˜pi and all possible
products of the two momenta, pipj =
{
p21, p
2
2, p1p2
}
, as well as on the renormalization scale µ and the coupling
constant g.
If an outgoing meson is present in the process, which means that one has to contruct the matrix elements〈
p2, k
∣∣ O(−κx˜, κx˜) ∣∣p1〉, the representation (3.10) of the scalar matrix element must be modified because of the
presence of the additional momentum k. Especially, further kinematic structures occur. They can be determined in
a straightforward way by using the following parameterization of the scalar matrix element:〈
p2, k
∣∣ O (−κx˜, κx˜) ∣∣p1〉 = u¯ (p2) Λ (κx˜, p2, k, p1) u (p1) , (3.11)
with
Λ (κx˜, p2, k, p1) = A I+Bα γ
α +C[αβ] σ
αβ +Dα γ
5γα . (3.12)
It is an easy task to find the general structure of A−D allowed by the momenta p1α, p2α, kα, the metric gαβ and the
Levi-Civita tensor εβαγδ, demanding Λ not to be a pseudo scalar.
Using the equations of motion for the hadronic momenta p1µ and p2µ with M denoting the nucleon mass,
γαp1α u (p1) = M u (p1) , (3.13)
u¯ (p2) γ
αp2α = M u¯ (p2) , (3.14)
the decomposition of the matrix element (3.11) is :
K′1 = (u¯ u) , (3.15)
K′2 = (u¯ x˜/ u) ,
K′3 =
1
m0
(u¯ k/ u) ,
K′4 =
1
m0
(u¯ x˜/ k/ u) ,
K′5 =
1
m30
i εβαγδ x˜
β pα2 k
γ pδ1 (u¯ γ
5 u) ,
where an auxiliary mass m0 has been introduced in order to get kinematic structures of equal dimensionality. Then,
the scalar matrix element is parameterized by a sum over the five kinematic factors K′a as follows:
〈
p2, k
∣∣ O (−κx˜, κx˜) ∣∣p1〉 = 5∑
a=1
K′a (x˜,p) f˜ ′a
(
κx˜p, pipj , µ
2
)
, (3.16)
where p ≡ {pi} = {p1, p2, k} generically denotes the multi-vector in the space of all the (three) hadronic momenta.
Although one possible set of kinematic factors is given by (3.16), it will be more convenient to choose another
one which is also linearly independent and contains the original kinematic factors K′a. Mimicking the Dirac- and
Pauli-structures we choose
K1 (x˜, p2, k, p1) = x˜β (u¯ γβ u) , (3.17)
K2 (x˜, p2, k, p1) = x˜β 1
m0
(u¯ σβα P
α
− u) ,
K3 (x˜, p2, k, p1) = x˜β 1
m20
(u¯ kβ γα k
α u) ,
K4 (x˜, p2, k, p1) = x˜β 1
m0
(u¯ σβαk
α u) ,
K5 (x˜, p2, k, p1) = x˜β 1
m30
i εβαγδ p
α
2 k
γ pδ1 (u¯ γ
5 u) ,
8for the matrix element of the scalar operator and
K51 (x˜, p2, k, p1) = x˜β (u¯ γ5 γβ u) , (3.18)
K52 (x˜, p2, k, p1) = x˜β
1
m0
(u¯ γ5 σβα P
α
− u) ,
K53 (x˜, p2, k, p1) = x˜β
1
m20
(u¯ γ5 kβγα k
α u) ,
K54 (x˜, p2, k, p1) = x˜β
1
m0
(u¯ γ5 σβαk
α u) ,
K55 (x˜, p2, k, p1) = x˜β
1
m30
i εβαγδ p
α
2 k
γ pδ1(u¯ u) ,
for the matrix element of the pseudo scalar operator. For explicit calculations it is important to note that each factor
K(5)a has a linear x˜-dependence,
Ka(x˜,p) = x˜β Kaβ(p) ,
K5a(x˜,p) = x˜β K5aβ(p) .
Using the equations of motion again, the factors Ka equal the following combinations of K′a
K1 = K′2 , (3.19)
K2 = i
m0
(x˜p2 + x˜k + x˜p1) K′1 − 2i
M
m0
K′2 − iK′4 ,
K3 = 1
m0
(x˜k) K′3 ,
K4 = i
m0
(x˜k) K′1 − iK′4 ,
K5 = K′5 .
This shows that the Ka constitute a suitable set of kinematic factors for the scalar matrix element. In the limit k → 0
they obviously reduce to the Dirac- and Pauli-structures. Analogous statements hold for K5a.
The decomposition of the matrix element of O (−κx˜, κx˜) and O5 (−κx˜, κx˜) now reads
〈
p2, k
∣∣ O (−κx˜, κx˜) ∣∣p1〉 = 5∑
a=1
Ka (x˜,p) f˜a
(
κx˜p, pipj , µ
2
)
, (3.20)
〈
p2, k
∣∣ O5 (−κx˜, κx˜) ∣∣p1〉 = 5∑
a=1
K5a (x˜,p) f˜5a
(
κx˜p, pipj , µ
2
)
. (3.21)
In principle there is also a dependence on variables like pipj x
2. Because the latter dependence vanishes on the light-
cone, it will not be discussed in the further considerations. As has been shown in Ref. [18] the whole x2−dependence
is governed by harmonic extension off the light-cone if the operator structure is already given on–cone. The
µ2−dependence is governed by the evolution equations obeyed by the functions f˜a and will be discussed in Sec-
tion VI.
As next step, a Fourier transformation of the functions f˜a is performed,
f˜a (κx˜p) =
∫
R3
D3z e−iκx˜(pz)fa (z) . (3.22)
Because also the functions f˜a (κx˜p) are entire analytic in the variables κx˜p, the support of their Fourier transforms
fa (z) is restricted to the interval [−1,+1] in the variables z = (z1, z2, z3). Therefore, the measure
D3z ≡ dz1 dz2 dz3 θ (1− z1) θ (1 + z1) θ (1− z2) θ (1 + z2) θ (1− z3) θ (1 + z3) (3.23)
has been introduced to realize this support. pz is simply the product of the vectors p and z, see (3.24). To get a
representation in the momenta P± and k one introduces the variables
z+ =
1
2
(z1 + z2) , z− =
1
2
(z2 − z1) , zk = z3 − z2,
9with
z1 = z+ − z−, z2 = z+ + z−, z3 = z+ + z− + zk .
Using the abbreviation
P ≡ P+z+ + P−z− + k zk (3.24)
= p1 z1 + p2 z2 + k z3 ≡ pz ,
the scalar matrix element is represented by
〈
p2, k
∣∣ O (−κx˜, κx˜) ∣∣p1〉 = 5∑
a=1
Ka (x˜,p)
∫
R3
D3z e−iκ x˜Pfa (z+, z−, zk) . (3.25)
In the following the explicit summation over a will be omitted, but will be indicated by the position of the index a.
The expression (3.25) will be inserted into (3.6) to calculate the matrix element of Otw2µ . Thereby, it is important
to state that the τ−scaling in equation (3.6) refers to κ and not to x˜. Performing a change of variables z± → z±/τ
and zk → zk/τ we get the following form of the matrix element, for the general case κ1 6= −κ2:
〈
p2, k
∣∣ Otw2β (κ1x˜, κ2x˜) ∣∣ p1〉 = ∫
R3
dz+ dz− dzk
∫ 1
0
dτ
[
∂˜β +
1
2
ln τ x˜β ∂˜
2
]
1
τ3
(3.26)
× eix˜(κ+τ P−−κP) x˜ρ Kaρ (p) fa
(z+
τ
,
z−
τ
,
zk
τ
)
Θ(τ, z+, z−, zk) ,
where the abbreviation
Θ (τ, z+, z−, zk) ≡ 2 θ (τ − z+ + z−) θ (τ + z+ − z−) θ (τ − z+ − z−) θ (τ + z+ + z−)
×θ (τ − z+ − z− − zk) θ (τ + z+ + z− + zk) (3.27)
has been used. Carrying out the differentiations we get
〈
p2, k
∣∣ Otw2β (κ1x˜, κ2x˜) ∣∣ p1〉 = ∫
R3
dz+ dz− dzk
∫ 1
0
dτ
τ3
eix˜(κ+τ P−−κP) Kaρ(p) fa
(z+
τ
,
z−
τ
,
zk
τ
)
Θ(τ, z+, z−, zk)
×
[
gβρ + i (κ+τP−β − κPβ) x˜ρ − x˜β
2
ln τ
(
(κ+τP− − κP)2 x˜ρ − 2i (κ+τP−ρ − κPρ)
)]
(3.28)
This form of the matrix element is yet rather complicated. Since only the centered operator is needed in the following
considerations, we set κ+ = 0.
To derive a simpler representation for the matrix element, the τ -integration will now be comprised into the functions
Fa and F
tr
a , the latter denoting the trace part, defined by
Fa(z) ≡ Fa (z+, z−, zk) =
∫ 1
0
dτ
1
τ3
fˆa
(z+
τ
,
z−
τ
,
zk
τ
)
, (3.29)
F tra (z) ≡ F tra (z+, z−, zk) =
∫ 1
0
dτ
ln τ
τ3
fˆa
(z+
τ
,
z−
τ
,
zk
τ
)
, (3.30)
with fˆa given by
fˆa
(z+
τ
,
z−
τ
,
zk
τ
)
≡ fa
(z+
τ
,
z−
τ
,
zk
τ
)
Θ(τ, z+, z−, zk) . (3.31)
Obviously, these distribution amplitudes are not independent, and the restricted integration range in z−space finally
is contained in the support properties of the distribution amplitudes Fa (z+, z−, zk) and F
tr
a (z+, z−, zk).
After the substitution of Fa and F
tr
a in (3.28) with κ+ = 0 one obtains〈
p2, k
∣∣ Otw2β (−κx˜, κx˜) ∣∣ p1〉 (3.32)
=
∫
R3
dz+ dz− dzk e
−iκ x˜P
[(
gβρ − iκPβx˜ρ
)
Fa(z)− x˜β
2
(
κ2P2x˜ρ + 2iκPρ
)
F tra (z)
]
Kaρ(p)
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for the matrix element of the twist-2 part of the vector operator Oµ. The matrix element of the axial vector operator
O5 tw2µ possesses a similar representation〈
p2, k
∣∣ O5 tw2β (−κx˜, κx˜) ∣∣ p1〉 (3.33)
=
∫
R3
dz+ dz− dzk e
−iκ x˜P
[(
gβρ − iκPβx˜ρ
)
F 5a (z)−
x˜β
2
(
κ2P2x˜ρ + 2iκPρ
)
F 5 tra (z)
]
K5 aρ(p) ,
with F 5a and F
5 tr
a defined analogously to Fa and F
tr
a , by exchanging fˆa and fˆ
5
a in (3.29) and (3.30).
Here, some general remarks are in order. First, the triple-valued distribution amplitudes F
(5)
a (z+, z−, zk) and
F
(5) tr
a (z+, z−, zk) are uniquely related to the twist-2 (axial) vector operators and, in principle, should have been
marked by the related twist τ = 2. However, since we do not consider higher twist this has been omitted. Second,
every distribution amplitude of definite twist – also off the light-cone – depends only on the z−variables and, possibly,
on the momenta p. The x−dependence is completely contained in the accompanying factors including, of course,
the exponential e−iκxP . These general expressions which are given in terms of Bessel functions of the argument
(κ/2)
√
(xP)2 − x2P2 have been determined in Ref. [18] (For the twist–2 case of DIS this statement has already been
made in Ref. [23].) Restricting onto the light-cone leads to the expressions (3.32) and (3.33). Third, these properties
hold for the operators of definite twist and are transposed to the corresponding matrix elements, independently
how many particles (momenta) occur in the incoming and outgoing states. Therefore, if a Fourier transformation
containing these matrix elements has to be performed this can be done by simply replacing x˜→ x. (In Appendix A
we give these expressions explicitly together with their restriction onto the light-cone.) This will be applied in the
next Section for the expressions Eqs. (3.32) and (3.33).
IV. COMPTON AMPLITUDE
Now, we are in a position to compute the twist-2 part of the Compton amplitude (1.3). Of course, we need it in the
extended Bjorken region and, therefore, can restrict our consideration to the neighborhood of the light-cone. Thus,
we will take the matrix elements (3.32) and (3.33) with x˜ replaced by x. Merging everything together, we use the
representation (2.12) for the time-ordered product of two hadronic currents, insert (3.32) and (3.33) for the matrix
elements of Otw2β and O
5 tw2
β and obtain:
T tw2µν (p2, k, p1, q) = i
∫
d4x eiqx
∫
R2
D2κ xα
[
C1
(
x2, κ+, κ
)
Sµν|
αβ
〈
p2, k
∣∣∣ Otw2β ((κ+ − κ)x, (κ+ + κ)x) ∣∣∣p1〉 (4.1)
−iC2
(
x2, κ+, κ
)
εµν
αβ
〈
p2, k
∣∣∣ O5 tw2β ((κ+ − κ)x, (κ+ + κ)x) ∣∣∣p1〉] .
The arguments κ+ and κ of the coefficient functions Ci
(
x2, κ+, κ
)
are fixed at κ+ = 0 and κ = ±1/2, so that we can
use the symmetry properties of the operators Oβ and O
5
β ,
Oβ (−κx, κx) = −Oβ (κx,−κx) , (4.2)
O5β (−κx, κx) = O5β (κx,−κx) .
For the computation of the Compton amplitude it suffices to know the operators at these given points, but for the
investigation of the evolution of the matrix elements their representation at general values of κ+ and κ is needed, see
Section VI for the details.
Performing the κ-integration one obtains
T tw2µν (p2, k, p1, q) = −2
∫
R3
dz+ dz− dzk
∫
d4x
2π2
eiQx
xα
(x2 − iǫ)2 (4.3)
×
{
Sµν|
αβ
[(
gβρ − i
2
Pβ xρ
)
Fa − xβ
(
1
8
P2 xρ + i
2
Pρ
)
F tra
]
Kaρ − iεµναβ
(
gβρ − i
2
Pβ xρ
)
F 5a K5 aρ
}
,
where the abbreviation
Q ≡ q − 1
2
P = q − 1
2
(P+z+ + P−z− + k zk) (4.4)
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has been used. The xβ-term which results from the traces of the twist-2 operator vanishes for the axial matrix element
because xαxβ is symmetric. As a last step in the computation of the Compton amplitude the Fourier transformation
is carried out by using ∫
d4x
2π2
eiQx
xα
(x2 − iǫ)2 =
Qα
Q2 + iǫ ,∫
d4x
2π2
eiQx
xαxβ
(x2 − iǫ)2 = −i
gαβ
Q2 + iǫ + 2i
QαQβ
(Q2 + iǫ)2 ,∫
d4x
2π2
eiQx
xαxβxρ
(x2 − iǫ)2 = 2
gαβQρ + gβρQα + gαρQβ
(Q2 + iǫ)2 − 8
QαQβQρ
(Q2 + iǫ)3 ,
and the summation over α and β is performed in the symmetric part of T tw2µν by using the form (2.5) for Sµν|
αβ . Then
for the Compton amplitude we get the result
T tw2µν = −2
∫
R3
dz+ dz− dzk
1
Q2 + iǫ
[
−i εµναβ qα
{
gβρ +
Pβ Qρ
Q2 + iǫ
}
F 5a K5 aρ (4.5)
+
{
gµρ (qν − Pν) + gνρ (qµ − Pµ)− gµν (qρ − Pρ) + QρQ2 + iǫ
[
QµPν +QνPµ − gµν PQ
]}
Fa Kaρ
+
{
gµνPρ + 1Q2 + iǫ
[(
2QµQν − gµνQ2
)
Pρ − 1
2
(
gνρQµ + gµρQν − 2 gµνQρ
)
P2
]
+
Qρ P2
(Q2 + iǫ)2
(
2QµQν − gµνQ2
)}
F tra Kaρ
]
,
which is expanded with respect to the functions F 5a , Fa and F
tr
a with the trace term separated from the antisymmetric
and remaining symmetric part.
This structure of the Compton amplitude is a generic one because it is also valid for the ordinary non-forward case:
The additional structures arising due to the momentum k are hidden in the summation over the structure functions
Fa, F
5
a and F
tr
a and in the definitions of P and Q. The reason for that result is an outcome of the twist structure of
the operator which is the same for all the matrix elements under consideration. It holds also for the case of n outgoing
mesons.
For P = p+z++p−z− and summation over the Dirac- and Pauli-structures one reproduces the form of the Compton
amplitude given in Ref. [7]. Here, the additional terms containing the functions F tra arise, because the trace term in
(3.6) has been taken into account. If k is not present in the process this term vanishes in the limit
pipj ≈ 0 , (4.6)
γµp1µ u (p1) ≈ 0 , (4.7)
u¯ (p2) γ
µp2µ ≈ 0 , (4.8)
setting M and t = (p2−p1)2 to zero. Therefore these terms have been omitted in Ref. [7]. If the five kinematic factors
Ka(x,p) containing the momentum k are present this is a priori no longer the case since non-vanishing contractions
like (u¯k/ u) appear. Therefore, this term has been taken into full account here.
In general, terms containing the product PρKaρ do not vanish in the massless limit, while terms containing P2,
pipj , are small compared to the large invariants. This leads to the approximation
1
Q2 + iǫ ≈
1
q2 − q.P + iǫ (4.9)
= − 1
qP+
· 1
ξ + (z+ + ηz− + χzk)− iǫ .
We apply these approximations to the Compton amplitude and get a representation for its twist-2 part in the massless
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limit and in the extended Bjorken region, which depends explicitly on the three variables z± and zk:
T tw2µν = −2
∫
R3
dz+ dz− dzk
[
− 1
qP+
· 1
ξ + (z+ + ηz− + χzk)− iǫ (4.10)
×
{[
gµρ (qν − Pν) + gνρ (qµ − Pµ)− gµν (qρ − Pρ)
]
· Fa (z+, z−, zk) Kaρ
+ gµνPρ · F tra (z+, z−, zk) Kaρ − i εµναβ qα gβρ · F 5a (z+, z−, zk) K5 aρ
}
+
1
(qP+)
2 ·
1
(ξ + (z+ + ηz− + χzk)− iǫ)2
×
{[
qµPν + qνPµ − PµPν − gµν q.P
]
Qρ · Fa (z+, z−, zk) Kaρ
+
(
2QµQν − gµν q2 + gµν q.P
)Pρ · F tra (z+, z−, zk) Kaρ
− i εµναβ qαPβ Qρ · F 5a (z+, z−, zk) K5 aρ
}]
.
This form of the Compton amplitude will be used in the further considerations.
V. INTEGRAL RELATIONS
The variables z± and zk are not directly measurable because they appear as Fourier variables of the distribution
amplitudes fa. The scaling variable ξ, however, can be regarded as a physical quantity and it is therefore quite
natural to use the new variable
t ≡ z+ + ηz− + χzk (5.1)
as integration variable in the denominators of Eq. (4.10).
By the definition (3.24) the vector P contains the variables z± and zk and must be rewritten using the set {t, z−, zk}.
This is simply done by introducing the combinations
π ≡ P− − ηP+ , (5.2)
π˜ ≡ k − χP+ , (5.3)
which leads to the representation
P = P+ t+ π z− + π˜ zk . (5.4)
The 4–vectors π and π˜ define off–collinear directions w.r.t. to the direction P+; vectors along this momentum are
denoted as collinear. Note that these vectors are non-forward still, since η 6= 0. P contains collinear and off-collinear
contributions, the former of which are associated with the scaling variable t only. It will turn out that these collinear
parts play the dominant role in the process considered.
Different powers of P contained in (4.10), of course, will lead to a whole series of structure functions corresponding
to different moments in z− and zk. Therefore, let us generally define double moments of the triple-valued distribution
amplitudes leading to single-valued distributions as follows:
Fˆ an1n2 (t; η, χ) ≡
1
tn1+n2
∫
dz−
∫
dzk z
n1
− z
n2
k F
a (t− ηz− − χzk, z−, zk) (5.5)
=
1
tn1+n2
∫ 1
0
dτ
τ
τn1+n2 · fˆan1n2
(
t
τ
; η, χ
)
=
∫ sign(t)
t
dλ
λ
λ−n1−n2 · fˆan1n2 (λ; η, χ) (5.6)
with
fˆan1n2
(
t
τ
; η, χ
)
≡
∫
dz−
∫
dzk z
n1
− z
n2
k fˆ
a
(
t
τ
− ηz− − χzk, z−, zk
)
. (5.7)
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In fact, the values ni = 0, 1 occur in the antisymmetric part and the values ni = 0, 1, 2 in the symmetric part. To
keep the discussion short, we consider the antisymmetric part of the Compton amplitude in full detail and give the
result for the symmetric part only for the leading terms, i.e., suppressing the trace terms. The explicit calculation
shows that the latter terms do not contribute to the leading order in ν.
Because the contractions PρKaρ are only present for the Dirac structure, K1ρ = (u¯ γρ u), we discuss this term
separately. Then, the antisymmetric part of (4.10) is given by
T tw2[µν] ≈ 2i εµναβ
qα
qP+
∫
R3
dz+ dz− dzk
[
gβρ
ξ + t− iǫ −
qρ
qP+
Pβ
(ξ + t− iǫ)2
]
F 5a (z+, z−, zk)K5 aρ(p) (5.8)
= 2i εµν
αβ qα
qP+
∫ 1
−1
dt
gβρ Fˆ 5a00 (t)
ξ + t− iǫ −
qρ
qP+
t
(
P+βFˆ
5a
00 (t) + πβFˆ
5a
10 (t) + π˜βFˆ
5a
01 (t)
)
(ξ + t− iǫ)2
K5 aρ(p) .
At this point it is necessary to perform a partial integration in the second term proportional to qρ using the formula∫ 1
−1
dt
tm
(ξ + t− iǫ)2 · Fˆ
5a
n1n2 (t; η, χ) =
∫ 1
−1
dt
tm−1
ξ + t− iǫ
[
m · Fˆ 5an1n2 (t; η, χ)− t−n1−n2 · fˆ5an1n2 (t; η, χ)
]
, (5.9)
which leads to
T tw2[µν] ≈ 2i εµναβ
qα
qP+
∫ 1
−1
dt
1
ξ + t− iǫ (5.10)
×
[
gβρ Fˆ
5a
00 −
qρ
qP+
{
P+β
(
Fˆ 5a00 − fˆ5a00
)
+ πβ
(
Fˆ 5a10 −
fˆ5a10
t
)
+ π˜β
(
Fˆ 5a01 −
fˆ5a01
t
)}]
K5 aρ .
Several tensor structures contribute. Note that in the foregoing discussion no assumption has been made on the
direction of the nucleon spin. As the polarization of the initial state nucleons in experiment is performed in outer
magnetic fields, the direction of the nucleon spin is not related to other vectors in the system except for the condition
Si.pi = 0 to hold.
The form (5.10) of the polarized Compton amplitude is very interesting because it includes a Wandzura-Wilczek
(WW) like relation between the distribution amplitudes being associated to two of the tensor structures [39]. This
relation becomes obvious, once the definitions
G
a
1 (t; η, χ) ≡ fˆ5a00 (t; η, χ) (5.11)
G
a
2 (t; η, χ) ≡ −fˆ5a00 (t; η, χ) +
∫ sign(t)
t
dλ
λ
fˆ5a00 (λ; η, χ) (5.12)
G
a
3 (t; η, χ) ≡ −
fˆ5a10 (t; η, χ)
t
+
∫ sign(t)
t
dλ
λ2
fˆ5a10 (λ; η, χ) (5.13)
G
a
4 (t; η, χ) ≡ −
fˆ5a01 (t; η, χ)
t
+
∫ sign(t)
t
dλ
λ2
fˆ5a01 (λ; η, χ) (5.14)
are made. This leads to a very simple form of the antisymmetric part of the Compton amplitude, namely,
T tw2[µν] = 2i ǫµν
αβ qα
qP+
∫ 1
−1
dt
1
ξ + t− iǫ
[
gβρ
(
G
a
1 + G
a
2
)− qρ
qP+
(
P+β G
a
2 + πβ G
a
3 + π˜β G
a
4
)]K5 aρ .
All the above functions Gak are expectation values of twist–2 operators. By definition G
a
1 and G
a
2 obey the following
integral relation
G
a
2 (t; η, χ) = −Ga1 (t; η, χ) +
∫ sign(t)
t
dλ
λ
G
a
1 (λ; η, χ) . (5.15)
This relation between two twist–2 quantities can be viewed as a generalization of the WW-relation known from forward
scattering [25],[40]. It is a property of the collinear part of the polarized Compton amplitude T tw2[µν] and connected to
the 00-moment in z− and zk. The off-collinear vectors π and π˜ are connected to the new parton distributions G
a
3 and
G
a
4 , which obey an integral representation in terms of the functions fˆ
5a
10 and fˆ
5a
01 respectively, similar to G
a
2 . However,
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unlike the case for G1 the respective functions do not appear in the Compton amplitude. Therefore we obtain at the
present level only one Wandzura–Wilczek like relation between the twist–two parts of the respective amplitudes. Of
course all the functions Gi do receive higher twist contributions, which were not discussed in the present paper. Also
these contributions as emerging in the different amplitudes may obey similar integral relations. The generalization
(5.15) of the WW-relation has been obtained in Ref. [7] for the ordinary non-forward process (1.1) without outgoing
meson. The foregoing discussion shows that it remains valid for the more general process (1.2).
The Wandzura–Wilczek relation Eq. (5.15) is an identity between physical amplitudes which emerges at the level of
geometric twist–2 as a consequence of the fact that the distribution fˆ5a00 (t, η;χ) appears two times in the decomposition
of the Compton amplitude. These relations which determine the (geometric) twist-2 content of the dynamical twist-3
distributions have to be called geometric WW relations [7, 24, 26, 27, 28]. They are obtained by using solely group
theoretical means lying behind the definition of (genuine) geometric twist, Eq. (3.1). These WW-relations have to be
distinguished from the so-called dynamical WW-relations being obtained by using the QCD equations of motion as
has been done by [29]. To bring it to the point: Geometric WW relations are written for distributions having equal
geometric twist, whereas dynamic WW relations are written between distributions of equal dynamic twist. Despite
having the same formal structure their physical content is different. For a detailed discussion of these relations in
the case of meson wave functions see Ref. [27] which, however, with appropriate modifications also holds for general
non-forward amplitudes (See also Ref. [20] where the case of quark distributions is discussed).
We now return to the discussion of the term containing the contractions PρKaρ. To begin with, we first remind
that only the Dirac structure K1ρ is of relevance in this case and one may use the approximation
PρK(5) 1ρ ≈ kρ
[
t+ (1− η) z− + (1− χ) zk
]
K(5) 1ρ (5.16)
in the limit of vanishing nucleon masses. Even more general, one can state that the product qρK(5) 1ρ is of order ν
and PρK(5) aρ is of order µ with µ ≪ ν. The additional terms are therefore of non-leading type, but are interesting
because these structures arise due to the meson momentum k.
Inserting the above approximation and performing again partial integrations leads to the complete form of T tw2[µν].
T tw2[µν] = 2i εµν
αβ qα
qP+
∫ 1
−1
dt
1
ξ + t− iǫ
{[
gβρ
(
G
a
1 + G
a
2
)− qρ
qP+
(
P+β G
a
2 + πβ G
a
3 + π˜β G
a
4
)]K5 aρ (5.17)
+
[
kρ
qP+
(
P+β G
′
2 + πβ G
′
3 + π˜β G
′
4
)]K5 1ρ}
with
G
′
2 = t
[(
Fˆ 5100 −
fˆ5100
2
)
+ (1− η)
(
Fˆ 5110 −
fˆ5110
2t
)
+ (1− χ)
(
Fˆ 5101 −
fˆ5101
2t
)]
(5.18)
G
′
3 = t
[(
Fˆ 5110 −
fˆ5110
2t
)
+ (1− η)
(
Fˆ 5120 −
fˆ5120
2t2
)
+ (1− χ)
(
Fˆ 5111 −
fˆ5111
2t2
)]
(5.19)
G
′
4 = t
[(
Fˆ 5101 −
fˆ5101
2t
)
+ (1− η)
(
Fˆ 5111 −
fˆ5111
2t2
)
+ (1− χ)
(
Fˆ 5102 −
fˆ5102
2t2
)]
. (5.20)
The meson momentum k and the momentum transfer q are connected to similar structures, but the functions G′i
related to k are far more complicated than Gi. However, despite that fact the expressions within the parentheses in
Eqs. (5.18) – (5.20) could be written in the same manner as the expressions (5.12) – (5.14) showing potential WW-like
expressions for the twist-2 distributions fˆ5an1n2(t; η, χ).
For the symmetric part T tw2{µν} of the Compton amplitude we perform the same calculational steps as in the anti-
symmetric part, namely:
• Separation of PρKaρ−contractions; this also includes the trace terms.
• Insertion of P = P+ t+ π z− + π˜ zk into the Compton amplitude (4.10).
• Definition of the structure functions Fˆ an1n2 using (5.5).
• Partial integration with respect to t by formula (5.9).
15
• Projection onto the collinear part.
After partial integration the symmetric part of the Compton amplitude has the following form:
T tw2{µν} ≈ −2
∫ 1
−1
dt
1
ξ + t− iǫ
1
qP+
{
gµν qρ fˆ
a
00 −
(
gµρqν + gνρqµ
)
Fˆ a00 +
(
gµρP+ν + gνρP+µ
)
t Fˆ a00 (5.21)
+
(
gµρπν + gνρπµ
)
t Fˆ a10 +
(
gµρπ˜ν + gνρπ˜µ
)
t Fˆ a01
+
qρ
qP+
[(
qµP+ν + qνP+µ
) (
Fˆ a00 − fˆa00
)
− P+µP+ν
(
2t Fˆ a00 − t fˆa00
)
+
(
qµπν + qνπµ
) (
Fˆ a10 − fˆa10
)
− (P+µπν + P+νπµ)(t Fˆ a10 − t fˆa10)
+
(
qµπ˜ν + qν π˜µ
) (
Fˆ a01 − fˆa01
)
− (P+µπ˜ν + P+ν π˜µ)(t Fˆ a01 − t fˆa01)
−πµπν
(
2t Fˆ a20 − t fˆa20
)
− π˜µπ˜ν
(
2t Fˆ a02 − t fˆa02
)
−(πµπ˜ν + πν π˜µ) (2t Fˆ a11 − t fˆa11)]
}
Kaρ .
The collinear part of T tw2{µν}, which contains only functions Fˆ
a
00 and fˆ
a
00, can be written as
T tw2{µν} = −2
∫ 1
−1
dt
1
ξ + t− iǫ
1
qP+
{
qρ
(
gµν − qµP+ν + qνP+µ
qP+
)
fˆa00 (t; η, χ) +
qρ
2 qP+
P+µP+ν 2t fˆ
a
00 (t; η, χ) (5.22)
−
[
qµ
(
gνρ − P+ν qρ
qP+
)
+ qν
(
gµρ − P+µ qρ
qP+
)]
Fˆ a00 (t; η, χ)
+
[
P+µ
(
gνρ − P+ν qρ
qP+
)
+ P+ν
(
gµρ − P+µ qρ
qP+
)]
t Fˆ a00 (t; η, χ)
}
Kaρ .
Looking at the tensor structure of (5.22), the functions
F
a
1 (t; η, χ) = fˆ
a
00 (t; η, χ) , (5.23)
F
a
2 (t; η, χ) = 2t · fˆa00 (t; η, χ) , (5.24)
appear as natural structure functions and obey a Callan-Gross like relation [30]:
F
a
2 (t; η, χ) = 2t · Fa1 (t; η, χ) . (5.25)
Similar to Ref. [7] one observes that the remainder contributions in Eq. (5.22) are suppressed for large values of ν, a
property of the off-collinear terms. One may see this, contracting the structures Kaρ with the respective tensors in
front. As well known from forward scattering, the Callan–Gross relation receives corrections both from higher orders
in the coupling constant and due to mass effects, see e.g. Ref. [31], and therefore as well in the non-forward case. On
the other hand, the Wandzura–Wilczek relation for geometric twist–2 turns out to be rigidly stable, see e.g. Ref. [24].
Including also PρKaρ-contractions in the calculation will result in an additional tensor structure analogous to (5.17)
with qρ replaced by kρ in Eq. (5.22). The corresponding structure functions will not be given in explicit form.
VI. EVOLUTION EQUATIONS FOR THE DISTRIBUTION AMPLITUDES
The scaling violations of the operator matrix elements and distribution amplitudes of the process considered are
described by the renormalization group equations governing the ultra–violet behavior of the light–cone operators.
The corresponding equations for the distribution amplitudes fa (z+, z−, zk) are called evolution equations, which we
are going to discuss in x− and z−space. Since the flavor content of the operators (2.7) and (2.8) has been suppressed
in the preceding sections, we treat only the flavor non-singlet evolution equations as an example. The singlet evolution
equations are of quite similar structure (see e.g. Ref. [6]; for earlier work see Refs. [32, 33]).
The non-singlet renormalization group equation for the twist-2 vector operator reads
µ2
d
dµ2
Otw2β
(
κ1x˜, κ2x˜;µ
2
)
=
∫
R2
D2κ′ γ (κ1, κ2;κ
′
1, κ
′
2)O
tw2
β
(
κ′1x˜, κ
′
2x˜;µ
2
)
. (6.1)
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By contraction with x˜β it is obvious that the scalar twist-2 operator Otw2 = x˜βOtw2β obeys exactly the same renor-
malization group equation because multiplication with x˜β commutes with the differentiation on the left and with the
integration on the right hand side. This gives the renormalization group equation for the scalar operator which on
the light cone already is of twist-2:
µ2
d
dµ2
O
(
κ1x˜, κ2x˜;µ
2
)
=
∫
R2
D2κ′ γ (κ1, κ2;κ
′
1, κ
′
2)O
(
κ′1x˜, κ
′
2x˜;µ
2
)
. (6.2)
In the last equations the integration measure
D2κ′ ≡ dκ′1 dκ′2 θ (κ1 − κ′1) θ (κ′1 − κ2) θ (κ1 − κ′2) θ (κ′2 − κ2) (6.3)
has been introduced. In Refs. [6, 32] it is shown that the non-local anomalous dimension matrix γ is invariant under
translations and scale transformations,
γ (κ1, κ2 ; κ
′
1, κ
′
2) = γ (κ1 − κ0, κ2 − κ0 ; κ′1 − κ0, κ′2 − κ0) (6.4)
= λ2 γ (λκ1, λκ2 ; λκ
′
1, λκ
′
2) ,
which reduces the number of independent variables of γ by two. By first changing the variables from κ1,2 to κ±,
followed by a translation by κ+ and a scaling by κ
−1 one derives the following form of the evolution kernel γ:
γ (κ1, κ2 ; κ
′
1, κ
′
2) = γ˜
(
κ+, κ ; κ
′
+, κ
′
)
(6.5)
= γ˜
(
0, κ ; κ′+ − κ+, κ′
)
=
1
κ2
γ˜
(
0, 1 ;
κ′+ − κ+
κ
,
κ′
κ
)
≡ 1
κ2
K˜ (w1, w2)
with
w1 =
κ′+ − κ+
κ
and w2 =
κ′
κ
. (6.6)
The variables κ′i and wi are connected by the following transformation(
κ′1
κ′2
)
=
(
κ −κ
κ κ
)(
w1
w2
)
+
(
κ+
κ+
)
. (6.7)
It is therefore more natural to use w1 and w2 as integration variables in the renormalization group equation (6.2)
instead of κ′1 and κ
′
2. The integration measures are related by
D2κ′ = κ2D2w , (6.8)
where D2κ′ and D2w include the suitable θ-functions realizing the integration ranges of κ′i (6.3) and wi:
D2w ≡ 1
2
dw1 dw2 θ (1 + w1 − w2) θ (1− w1 + w2) θ (1 + w1 + w2) θ (1− w1 − w2)
The measure D2w can be divided into two parts, because K˜ (w1, w2) under the exchange w1 ↔ −w1, w2 ↔ −w2 obeys
the following relations, cf. Ref. [6] :
K˜ (w1, w2) = K˜ (−w1, w2) = −K˜ (w1,−w2) . (6.9)
Putting (6.5) and (6.8) into the renormalization group equation for the scalar operator results in
µ2
d
dµ2
O
(
κ1x˜, κ2x˜;µ
2
)
=
∫
R2
D2w K˜ (w1, w2) O
(
κ′1x˜, κ
′
2x˜;µ
2
)
. (6.10)
For the explicit structure of K˜ (w1, w2) see Refs. [6, 32, 33]. The equation (6.10) will now be considered for the matrix
elements of the scalar operator which are, according to equation (3.20), given by〈
p2, k
∣∣ O (κ1x˜, κ2x˜, µ2) ∣∣p1〉 = eiκ+ x˜P− Ka (x˜, p2, k, p1) f˜a (κx˜P+, κx˜P−, κx˜k, µ2) . (6.11)
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¿From this one obtains directly the evolution equation for the distribution amplitudes f˜a in x-space:
µ2
d
dµ2
f˜a
(
κx˜P+, κx˜P−, κx˜k;µ
2
)
=
∫
R2
D2w K˜ (w1, w2) e
iw1κ x˜P− f˜a
(
w2κ x˜P+, w2κ x˜P−, w2κ x˜k;µ
2
)
. (6.12)
Because we are interested in evolution equations in z-space, we perform a Fourier transformation of equation (6.12).
The physically relevant transforms of f˜a are given by
fa
(
z+, z−, zk;µ
2
)
=
∫
R
d(κx˜P+)
2π
∫
R
d(κx˜P−)
2π
∫
R
d(κx˜k)
2π
eiκx˜(P+z++P−z−+kzk) f˜a
(
κx˜P+, κx˜P−, κx˜k;µ
2
)
.(6.13)
Carrying out these transformations one arrives at the following result:
µ2
d
dµ2
fa
(
z+, z−, zk, µ
2
)
=
∫
R
d(κx˜P+)
2π
∫
R
d(κx˜P−)
2π
∫
R
d(κx˜k)
2π
eiκx˜(P+z++P−z−+kzk)
∫
R2
D2w K˜ (w1, w2)
×
∫
R3
D3z′ fa
(
z′+, z
′
−, z
′
k;µ
2
)
e−iw2κx˜(P+z
′
++P−z
′
−
+kz′
k) eiw1κx˜P−
=
∫
R2
D2w K˜ (w1, w2)
×
∫
R3
D3z′ fa
(
z′+, z
′
−, z
′
k;µ
2
)
δ
(
z+ − w2z′+
)
δ
(
z− − w2z′− + w1
)
δ (zk − w2z′k)
=
∫
R2
D2z′
1
|z+| K˜
(
z′−
z+
z′+
− z− , z+
z′+
)
fa
(
z′+, z
′
−, zk
z′+
z+
;µ2
)
. (6.14)
with D3z′ given by (3.23) and D2z′ defined by
D2z′ = 2dz′+ dz
′
− θ(1− z′+ + z′−) θ(1 + z′+ − z′−) θ(1− z′+ − z′−) θ(1 + z′+ + z′−)
We introduce the evolution kernel
Γ
(
z+, z−, z
′
+, z
′
−
) ≡ 1|z+| K˜
(
z′−
z+
z′+
− z− , z+
z′+
)
, (6.15)
which leads to the this evolution equation
µ2
d
dµ2
fa
(
z+, z−, zk;µ
2
)
=
∫
R2
D2z′ Γ
(
z+, z−, z
′
+, z
′
−
)
fa
(
z′+, z
′
−, zk
z′+
z+
;µ2
)
. (6.16)
Let us point to the remarkable fact that the variable zk connected to the meson momentum k only appears as a
parameter in fa and is not contained in the evolution kernel Γ. The same observation has been made in Ref. [15]
recently in the case of diffractive scattering, where the parameters η or xP behave in the same way. In so far some of
the scaling variables of a problem, in the present case the variables χi, play another role than others, as here ξ and
η, which interfere with the evolution.
This evolution equation is a fundamental equation because it describes the evolution of the triple-valued distribution
amplitudes fa (z+, z−, zk) in z−space. These amplitudes are the basic objects for the construction of the structure
functions Fa, F
5
a and F
tr
a in (3.29) and (3.30). They are also used in the definition of the single-valued functions
Fˆ an1n2 (t; η, χ) in (5.5). The scaling violations of these functions are obtained solving Eq. (6.16) and inserting the
functions fa into Eqs. (3.29,3.30).
It is also possible to obtain another evolution equation for fˆa00 (t; η, χ) in the variable t, which is compatible with the
former equation. This single-variable evolution equation governs the evolution of the structure functions contained in
the collinear part of the Compton amplitude.
To begin with, we first show that the distribution amplitude fˆa00 (t; η, χ) given by
fˆa00 (t; η, χ) =
∫
dz−
∫
dzk fˆ
a (t− ηz− − χzk, z−, zk) (6.17)
has another representation obtained as
Ka(p) fˆa00 (t; η, χ) =
∫
d(κ x˜P+)
2π
eiκ t x˜P+
〈
p2, k
∣∣ O (−κx˜, κx˜) ∣∣p1〉∣∣∣∣
x˜P−=η x˜P+ ; x˜k=χ x˜P+
. (6.18)
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The constraints
x˜P− = η x˜P+ (6.19)
x˜k = χ x˜P+ (6.20)
appearing in the former equation are the scaling relations (1.7) in x−space. Using the representation (3.25) under
these constraints leads to the result (6.17).
To derive the single-variable evolution equation we form matrix elements of equation (6.10),
µ2
d
dµ2
〈
p2, k
∣∣ O (−κx˜, κx˜) ∣∣p1〉∣∣∣∣
x˜P−=η x˜P+ ; x˜k=χ x˜P+
(6.21)
=
∫
R2
D2w K˜ (w1, w2) e
iw1κx˜P−
〈
p2, k
∣∣ O (−w2κx˜, w2κx˜) ∣∣p1〉∣∣∣∣
x˜P−=η x˜P+; x˜k=χ x˜P+
,
and perform the Fourier transformation in the variable κx˜P+ according to (6.18). The direct calculation leads to
µ2
d
dµ2
fˆa00
(
t; η, χ, µ2
)
=
∫ 1
−1
dt′ γ (t, t′; η) fˆa00
(
t′; η, χ, µ2
)
, (6.22)
with the evolution kernel
γ (t, t′; η) =
∫
dw2
1
|η| K˜
(
w2t
′ − t
η
, w2
)
. (6.23)
Like the evolution kernel Γ
(
z+, z−; z
′
+, z
′
−
)
, also γ (t, t′; η) does not depend on any k−dependent variables like χ or
zk being related to the meson momentum.
VII. GENERALIZATION TO AN ARBITRARY NUMBER OF OUTGOING MESONS
In this section we summarize the generic properties of the results obtained in the preceding sections and extend it
to an arbitrary number of outgoing mesons. Generally, one may state that all the above results remain valid under
slight modifications if two or more outgoing scalar mesons are present in the process,
γ∗1 (q1) + H(p1) −→ γ∗2 (q2) + H(p2) +M(k1) + · · ·+M(kn) , (7.1)
as shown in Fig. 1. To fix the kinematic domain of this process, all meson momenta ki are connected to different
p
1
p
2
k
1
k
n
q
1
q
2
FIG. 1: Process with n outgoing mesons
scaling variables χi defined by
χi =
ki
qP+
, (7.2)
where P+ and P− are obviously given by
P± =
(
p2 +
n∑
i=1
ki
)
± p1 , (7.3)
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and ξ and η are introduced as in (1.7). In order to compute the twist-2 part of the Compton amplitude
Tµν (p2, k1, . . . , kn, p1, q) = i
∫
d4x eiqx
〈
p2, S2; k1, . . . , kn
∣∣∣ RT [Jµ (x
2
)
Jν
(
−x
2
)
S
] ∣∣∣ p1, S1〉 (7.4)
for the general process (7.1) one applies the same approximations to the operator Tˆµν as in Sections. II and III. Thus
one uses the approximation (2.12) and applies the twist-2 projection (3.6).
The technique used in Section III to construct the matrix elements
〈
p2, k
∣∣ O(5) ∣∣ p1〉 can be carried out for an
arbitrary number n of scalar mesons where the additional meson momenta {k2, ..., kn} enlarge the set of kinematic
factors Ka(x˜,p). However, these factors are easy to guess and their number is given by
Nscalar =
{
2n+1 +
(
n+3
4
)
for n ≥ 1
2 for n = 0
, (7.5)
for the scalar matrix element. This formula also reproduces the number of kinematic factors in the ordinary non-
forward case: the Dirac- and Pauli-structures.
Having all kinematic factors Ka at hand, one introduces the related structure functions f˜a and writes down the
following decomposition of the scalar matrix element
〈
p2, k1, . . . , kk
∣∣ O (−κx˜, κx˜) ∣∣p1〉 = Nscalar∑
a=1
Ka (x˜, p2, k1, . . . , kn, p1) f˜a
(
κx˜P+, κx˜P−, κx˜k1, . . . , κx˜kn, pipj ; µ
2
)
.
With this representation one goes through the same steps of the calculation as in the preceding sections, namely
• Fourier transformation of f˜a
• Application of the twist-2 projector
• Computation of the Compton amplitude.
The result is again of the form (4.5) with a larger z−space and P given by
P = P+ z+ + P− z− +
n∑
i=1
χi zki . (7.6)
In this sense, the form (4.5) of the Compton amplitude is a generic result holding for a large class of processes. The
more explicit form (4.10) is generalized by replacing χ zk by
∑
χi zki .
It is even possible to interpret the Wandzura–Wilczek and Callan–Gross relations obtained in Section V as generic
properties of the collinear parts of these processes. Making the substitution
P = P+ t+ π z− +
n∑
i=1
π˜i zki with π˜i = ki − χiP+ , (7.7)
and projecting onto the collinear part one finds again the relations
G
a
2 (t; η, χ1, . . . , χn) = −Ga1 (t; η, χ1, . . . , χn) +
∫ sign(t)
t
dλ
λ
G
a
1 (λ; η, χ1, . . . , χn) , (7.8)
F
a
2 (t; η, χ1, . . . , χn) = 2t · Fa1 (t; η, χ1, . . . , χn) . (7.9)
Looking at the derivation of the evolution equation in Section VI, it is not difficult to find the appropriate generalization
to an arbitrary number of mesons (k = (k1, . . . , kn)):
µ2
d
dµ2
fa
(
z+, z−, zk;µ
2
)
=
∫
R2
D2z′
∣∣z′+∣∣n−1
|z+|n K˜
(
z′−
z+
z′+
− z− , z+
z′+
)
fa
(
z′+, z
′
−, zk
z′+
z+
;µ2
)
. (7.10)
For n = 0, this general evolution equation is reproducing the flavor non-singlet part of the evolution equation given in
Ref. [6] for the ordinary non-forward scattering. As in the case of one meson in Section VI the variables zki connected
to the meson momenta only appear as parameters and do not contribute to the evolution kernel,
Γn
(
z+, z−, z
′
+, z
′
−
) ≡ ∣∣z′+∣∣n−1|z+|n K˜
(
z′−
z+
z′+
− z− , z+
z′+
)
. (7.11)
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Only the number of mesons is relevant for the structure of this kernel. The single-variable evolution equation is of
the same form as in the preceding section. One only has to enlarge the number of scaling parameters χi.
µ2
d
dµ2
fˆa00
(
t; η, χ1, . . . , χn, µ
2
)
=
∫ 1
−1
dt′ γ (t, t′; η) fˆa00
(
t′; η, χ1, . . . , χn, µ
2
)
. (7.12)
VIII. CONCLUSIONS
We studied the structure of the virtual Compton amplitude for deep-inelastic non-forward scattering γ∗(q1)+H(p1) −→
γ∗(q2) + H(p2) +M(k) at the level of the twist–2 contributions in lowest order in QCD in the massless limit. In the
extended Bjorken region, i.e., {(qP+),−q2} → ∞ with −q2/(qP+), (qP−)/(qP+) and (kP−)/(qP+) kept fixed, the
twist-2 contributions to the Compton amplitude were calculated using the non-local operator product expansion
for general spin states. In this approximation the Compton amplitude consists of five kinematically independent
parts which in the limit k → 0 reduce to the well known Dirac- and Pauli-type amplitudes. A decomposition of
the Compton amplitude was performed with respect to the helicity states of both (virtual) photons. In complete
analogy the (electromagnetic) gauge invariance of the non-local light-cone expansion holds at the level of the S–
matrix since the fact that the leptonic currents are conserved. Due to this, only those contributions in the Compton
amplitude are projected out, which obey gauge invariance. Integral relations generalizing the Callan-Gross and
Wandzura-Wilczek relations for unpolarized and polarized forward-scattering are derived by reduction to the collinear
parts of the Compton amplitude and, thereby, reducing the triple-valued distribution amplitudes to one-valued ones
(for (qP−)/(qP+) and (kP−)/(qP+) fixed). In this connection attention has been drawn to the difference between
geometric and dynamic WW-relations being related to different notions of twist. The evolution kernels of these
distribution amplitudes are obtained from the (well-known) non-local anomalous dimensions of the (scalar) twist-2
light-ray operators Otw2(κ1x˜, κ2x˜) and O
5 tw2(κ1x˜, κ2x˜); they are independent of the meson momentum k. These
results show that deeply virtual Compton scattering off nucleons in the case of additional meson production behaves
quite similar to the case where mesons are absent. Both the basic structural relations as well as the scaling violations
are the same in both cases. However, the structure of the Compton amplitude is different in general, however only
with corrections of O(1/√ν) or less.
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APPENDIX A: PROJECTION OF THE TWIST-2 OPERATOR ONTO THE LIGHT-CONE
This appendix is devoted to the derivation of the results (3.32) and (3.33) from the off–cone twist-2 non-local quark-
antiquark operators obtained in Ref. [18].
As has been shown there the nonlocal quark-antiquark operator of geometric twist-2 has the following structure((
ψ¯γµψ
)
(q) =
∫
d4x exp{i (qx)}ψ¯(x)γµψ(−x)
)
:
Otw 2α (x,−x) =
∫
d4q
(2π)4
(
ψ¯γµψ
)
(q) (2 + q∂q)
∫ 1
0
dτ
{[
(3 + q∂q) δ
µ
α − iτqµxα
]
H2(q|τx) (8.1)
+
[
(3 + q∂q)
(
(4 + q∂q) itqαx
µ − 1
2
(iτ)2
(
q2xµxα + x
2qµqα
))
+ 1
4
(it)3qµq2xαx
2
]
H3(q|τx)
}
.
Its n−th moment is given by
Otw 2αn (x) =
1
(n+ 1)2
∫
d4q
(2π)4
(
ψ¯γµψ
)
(q)
{
δµα h
2
n(q|x)− qµxα h2n−1(q|x)
+ 2xµqα h
3
n−1(q|x)−
(
xµxαq
2 + qµqαx
2
)
h3n−2(q|x) + 12 qµxαx2q2 h3n−3(q|x)
}
. (8.2)
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Here, for notational simplicity we used the following abbreviations:
Hν(q|x) =
√
π
(√
(qx)2 − q2x2
)1/2−ν
Jν−1/2
(
1
2
√
(qx)2 − q2x2
)
eiqx/2, (8.3)
hνn(q|x) =
(
1
2
√
q2x2
)n
Cνn
(
qx√
q2x2
)
. (8.4)
The relation between the non-local and the local operators, Eqs. (8.1) and (8.2), off the light-cone is obtained by
observing that the Bessel functions are generating functions of the Gegenbauer polynomials (see, e.g., Ref. [34],
Eq. II.5.13.1.3):
∞∑
n=0
an
(2ν)n
Cνn(z) = Γ
(
ν + 1
2
)(a
2
√
1− z2
)1/2−ν
Jν−1/2
(
a
√
1− z2
)
eza, (8.5)
where (2ν)n = 2ν(2ν + 1) . . . (2ν + n− 1) = Γ(n+ 2ν)/Γ(2ν) is the Pochhammer symbol.
The projection onto the light-cone is obtained most easily by first considering the local operators. Because of the
series expansion of the Gegenbauer polynomials (see, e.g., Ref. [34], Appendix II.11),
Cνn(z) =
1
(ν − 1)!
[n
2
]∑
k=0
(−1)k(n− k + ν − 1)!
k!(n− 2k)! (2z)
n−2k, (8.6)
one observes that from the expression (8.4) on the light-cone, x2 = 0, only the term with the highest power, i.e., for
k = 0, survives:
hνn(q|x˜) =
(n+ ν − 1)!
n!(ν − 1)! (qx˜)
n . (8.7)
Using these results in the expression (8.2) we obtain:
Otw 2αn (x˜) =
1
n+ 1
∫
d4q
(2π)4
(
ψ¯γµψ
)
(q)
{
δµα (qx˜)
n + x˜µqα n (qx˜)
n−1
}
− 1
(n+ 1)2
∫
d4q
(2π)4
(
ψ¯γµψ
)
(q)x˜α
{
qµ n (qx˜)n−1 +
1
2
x˜µ q2 n (n− 1) (qx˜)n−2
}
. (8.8)
Now, using
1
n+ 1
=
∫ 1
0
dτ τn and
1
(n+ 1)2
= −
∫ 1
0
dτ τn ln τ (8.9)
we are able to re-sum over n according to
Otw 2α (−κx˜, κx˜) =
∞∑
n=0
(−iκ)n
n!
Otw 2αn (x˜) . (8.10)
There are two options of doing this. In the first instance we may replace iκqµ in Eq. (8.8) by the derivative ∂˜µ acting
on the exponential exp{iκ(qx˜)}. This way one retains the expression (3.5) of the non-local twist-2 operator on the
light-cone from which the expression (3.32) has been derived. On the other hand, after taking matrix elements of (8.1)
and observing the definitions (3.29) and (3.30) of the distribution amplitudes Fa(z) and F
tr
a (z), one obtains exactly
the expression (3.32). Analogous results hold for the axial vector case (3.33).
The same result could have been obtained also using the Poisson integral for the Bessel functions (cf., Ref. [35],
Eq. II.7.12.7),
Γ(ν + 1
2
)Jν(z) =
1√
π
(z
2
)ν ∫ 1
−1
dt (1− t2)ν−1/2 eitz (8.11)
for Re ν > −1
2
, in order to express the functions (8.3) on the light-cone by
Hν(q|x˜) = 1
Γ(ν)
∫ 1
0
dλ [λ (1 − λ) ]ν−1 eiλ (qx˜) . (8.12)
Then, after shifting the homogeneous derivations q∂q in the expression (8.1) to the right and interpreting it as λ∂λ
acting on the exponential, some partial integrations with respect to λ can be performed which, finally, lead again to
the expression (3.5) and (3.32), respectively.
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APPENDIX B: HELICITY PROJECTIONS AND CURRENT CONSERVATION
In this appendix we construct the helicity projections of the Compton amplitude generalizing the results of Ref. [7]
to the present case. We start with the construction of the helicity basis of the two virtual photons γ∗1 and γ
∗
2 . To
simplify this construction, we choose the Breit frame, in which the relevant momenta read:
P+ =
(
µ;~0
)
, (9.1)
P− = (0; 0, 0, P−3) , (9.2)
k = (k0; k1, k2, k3) , (9.3)
q = (q0; q1, 0, q3) , (9.4)
where µ is introduced as a mass scale of the hadronic momentum P+ with P
2
+ = µ
2. To define the helicity basis we
introduce the two reference vectors
n0 = (1; 0, 0, 0) , (9.5)
n2 = (0; 0, 1, 0) . (9.6)
The polarization vectors of the photons γ∗1 and γ
∗
2 are then given by
ε10µ =
1
N01
q1µ , (9.7)
ε20µ =
1
N02
q2µ , (9.8)
ε11µ = ε
2
1µ = n2µ , (9.9)
ε12µ =
1
N21
εµαβγ n
α
0 n
β
2 q
γ
1 , (9.10)
ε22µ =
1
N22
εµαβγ n
α
0 n
β
2 q
γ
2 , (9.11)
ε13µ =
1
N31
(q1µ q1.n0 − n0µ q1.q1) , (9.12)
ε23µ =
1
N32
(q2µ q2.n0 − n0µ q2.q2) . (9.13)
The normalization factors are given by
N01 = ν
1/2
√∣∣∣∣ξ − η − P 2−4ν
∣∣∣∣ , (9.14)
N02 = ν
1/2
√∣∣∣∣ξ + η − P 2−4ν
∣∣∣∣ , (9.15)
N21 =
ν
µ
√∣∣∣∣1 + µ2ν (ξ − η)− µ2 P 2−4ν2
∣∣∣∣ , (9.16)
N22 =
ν
µ
√∣∣∣∣1 + µ2ν (ξ + η)− µ2 P 2−4ν2
∣∣∣∣ , (9.17)
N31 =
ν3/2
µ
√∣∣∣∣ξ − η + µ2ν (ξ − η)2 − P 2−
(
1
4ν
− µ
2
2ν2
(ξ − η) + µ
2P 2−
16 ν3
)∣∣∣∣ , (9.18)
N32 =
ν3/2
µ
√∣∣∣∣ξ + η + µ2ν (ξ + η)2 − P 2−
(
1
4ν
− µ
2
2ν2
(ξ + η) +
µ2P 2−
16 ν3
)∣∣∣∣ , (9.19)
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which follows from the relations
(qP+) = ν , (9.20)
(qP−) = η ν , (9.21)
(qq) = −ξ ν , (9.22)
(qn0) =
ν
µ
, (9.23)
(see definitions (1.7) and note that n0 = P+/µ in the Breit frame) and conservation of momentum
q1 = q +
P−
2
, (9.24)
q2 = q − P−
2
. (9.25)
The polarization vectors obey the following normalization condition,
εiaµ ε
iµ
b = sa δab , (9.26)
with sa = −1 for a = 0, 1, 2 and sa = 1 for a = 3. We now use this helicity basis to compute all matrix elements
Tkl ≡ ε2µk T tw2µν ε1νl with k, l ∈ {0, 1, 2, 3} (9.27)
The result of the straightforward calculation is
T
F
00 ≈
2
ν
1√
|ξ2 − η2|
∫
R3
D3z Fa (z+, z−, zk) qρKaρ (9.28)
T
F
11 ≈ 2
∫
R3
D3z
(
− 1Q2 + iǫ +
q.P
(Q2 + iǫ)2
)
Fa qρKaρ (9.29)
T
F
22 ≈ 2
∫
R3
D3z
(
− 1Q2 + iǫ +
q.P
(Q2 + iǫ)2
)
Fa qρKaρ (9.30)
T
F
33 ≈
2
ν
1√
|ξ2 − η2|
√∣∣1 + M2ν ξ + M4ν2 (ξ2 − η2)∣∣
∫
R3
D3z Fa (z+, z−, zk) qρKaρ (9.31)
T
F
01,T
F
10,T
F
02,T
F
20 = O
(
1√
ν
)
T
F
03 ≈
2
ν
1√
|ξ2 − η2|
√∣∣1 + M2ν (ξ − η)∣∣
∫
R3
D3z Fa (z+, z−, zk) qρKaρ (9.32)
T
F
30 ≈
2
ν
1√
|ξ2 − η2|
√∣∣1 + M2ν (ξ + η)∣∣
∫
R3
D3z Fa (z+, z−, zk) qρKaρ (9.33)
T
F
12,T
F
21 = O
(
1
ν
)
T
F
13,T
F
31,T
F
23,T
F
32 = O
(
1√
ν
)
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for the symmetric part. The helicity projections of the trace terms are all of order 1/ν and therefore not given in
explicit form. The same calculation is is carried out for the antisymmetric part:
T
F5
00 ,T
F5
11 = 0
T
F5
22 ,T
F5
33 = O
(
1
ν
)
T
F5
01 ,T
F5
10 ,T
F5
02 ,T
F5
20 = O
(
1√
ν
)
T
F5
03 ,T
F5
30 = O
(
1
ν
)
T
F5
13 ,T
F5
31 ,T
F5
23 ,T
F5
32 = O
(
1√
ν
)
T
F5
12 ≈ 2
∫
R3
D3z
(
1
Q2 + iǫ −
q.P
(Q2 + iǫ)2
)
F 5a qρK5 aρ (9.34)
T
F5
21 ≈ 2
∫
R3
D3z
(
− 1Q2 + iǫ +
q.P
(Q2 + iǫ)2
)
F 5a qρK5 aρ (9.35)
Here, we have only kept terms contributing to the highest power in ν, because all other terms vanish in the limit
ν →∞. Terms proportional to P 2− in the normalization factors have been neglected, because they do not contribute
to the highest power in ν. The amplitudes TF00,T
F
33 and T
F
03,T
F
30 are a priori not of order 1/ν, because qρKaρ is of
order ν. But since the integrals ∫
R3
D3z F (z+, z−, zk) = 0 (9.36)
vanish, these amplitudes are also identical to zero.
In the above only the contractions of the helicity vectors with the Compton amplitude were considered. For the
physical process, however, the corresponding projections for the leptonic tensors L1,2µν have to be considered as well to
see, which terms contribute to the physical S–matrix. Due to the fact that
L1µνq
ν
1 = L
2
µνq
ν
2 ≡ 0 , (9.37)
holds all remaining terms in the projections T0k and Tk0 are annihilated.
In leading order in ν only the amplitudes TF11,T
F
22 and T
F5
12 ,T
F5
21 give a non-vanishing contribution in the extended
Bjorken region, whereas other terms T
(5)
kl for k, l = 1, 2, 3 are suppressed at least in O(1/
√
ν). The explicit calculation
also shows that
T
F
11 = T
F
22 and T
F5
12 = −TF521 (9.38)
in leading order. Only two of the sixteen amplitudes are relevant for ν → ∞. Similar results have been obtained in
Ref. [36].
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